would coordinate the metal ion in the MIDAS motif. We of the collagen peptide (Figure 1 ). Loop 1 (␤A-␣1) contains the conserved DxSxS sequence (residues 151-155); therefore designed the shortest peptide that would fold into a stable triple helix and that had the glutamate at D151 makes a water-mediated bond to the metal, while S153 and S155 form direct bonds through their hydroxyl its center. We synthesized a 21-residue peptide with the sequence [Ac-(GPO) 2 GFOGER(GPO) 3 -NH 2 ] and showed oxygens. Loop 2 (␣3-␣4) contains a threonine residue (T221) that directly coordinates the metal through its that it folds into a triple helix with a melting temperature of 22ЊC. By performing experiments at 4ЊC, we made a hydroxyl oxygen. Loop 3 (␤D-␣5) contains two acidic residues (D254 and E256) that make water-mediated stable complex by mixing the components, which crystallized and diffracted X-rays to 2.1 Å resolution. Crystals bonds to the metal. One of the carboxylate oxygens from the collagen glutamate also forms a direct bond grew in the presence of several different metals, including the physiological cation, Mg 2ϩ . The crystal used for to the metal, and two water molecules complete an octahedral coordination sphere around the metal. The high resolution data collection grew in the presence of Co 2ϩ , which supports collagen adhesion in vitro (data metal-ligand bond distances are all 2.3 Ϯ 0.1 Å . The three I domain metal-coordinating residues (two serines not shown). The structure was solved by using molecular replacement of the unliganded ␣2-I domain and phase and a threonine) lack a formal negative charge, which should leave the metal ion strongly electrophilic and refinement using a molecular mask that included the predicted location of the peptide (see Experimental Proable to form a strong bond to the collagen glutamate. The details of the metal coordination are different from cedures). The final model includes the I domain, a metal ion, and three strands of the collagen-like peptide, which those of the unliganded ␣2-I domain, but are very similar to those seen in the crystal structure of the ␣M-I domain bind to the I domain in a unique orientation and relative strand stagger.
with a ligand mimetic (Lee et al., 1995a) (see below). The MIDAS residues D151, S153, T221, and D254 have all been shown by mutagenesis to be required for collaStructure of the Collagen Peptide gen binding to the intact integrin (Kamata and Takada, The three 21-residue peptides fold into a fairly straight, 1994), and our crystal structure shows that they exert right-handed triple helix, 65 Å in length and ‫21ف‬ Å in their functional effect via disruption of metal binding. diameter. The structure is consistent with the features The geometry of the coordination site explains why Ca 2ϩ determined from fiber diffraction studies of native colladoes not support binding: Ca 2ϩ is larger than Mg 2ϩ , and gen (Kadler et al., 1996) . It is also similar to that seen cannot be stably coordinated by a preponderance of in crystals of the collagen-like peptide (GPO) 3 GITGARligands carrying only a partial negative charge, since GLA(GPO) 3 (Kramer et al., 1999); thus, the interchain they cannot approach closely enough to make strong hydrogen bonding follows the same pattern, and the electrostatic bonds. helical twist varies in a similar fashion, with the central GFOGER sequence approximating to 10 7 helical symmeStructure of the I Domain:Collagen Interface try and the flanking imino-rich regions (i.e., those regions
The collagen peptide binds across the front upper edge rich in proline and hydroxyproline) approximating to 7 5 of the I domain, with a footprint 25 Å long and 10 Å wide. symmetry. A distinct bend is observed following the The interface buries a total of 1230 Å 2 of the collagen and GER triplet, at the boundaries between the 10 7 and 7 5 I domain surfaces (Figures 1 and 2 ). The three MIDAS regions. This bend does not affect potential collagen-I loops that coordinate the metal ion also provide the side domain contacts, and may be the result of crystal conchains that engage the collagen, forming a complementacts.
tary surface with the contours of the triple helix. The The collagen triple helix has a one residue stagger majority of interactions are with the middle strand of the between adjacent strands so that, although the peptide collagen, with fewer from the trailing strand and none is a homotrimer, the environment of analogous residues from the leading strand. The middle strand glutamate in each strand is unique. We call the three strands "leadcoordinates the metal, as noted above, while the middle ing," "middle," and "trailing," as viewed from their N strand arginine salt bridges to D219 from loop 2. The termini (shown in blue, yellow, and green in Figure 1A) . middle strand phenylalanine sits on a surface dimple No intracollagen salt bridges are formed by the glutamic formed by the I domain side chains Q215 and N154. acids and arginines. Four of the nine non-imino collagen
The trailing strand phenylalanine makes hydrophobic side chains make no contacts with the I domain or collacontacts with Y157 and L286, while the arginine lies in gen: thus, the phenylalanine and glutamate from the an acidic pocket close to conserved E256, but is not salt leading strand point into solution in extended conformabridged. Direct H-bonding interactions with the collagen tions, while arginine from the leading strand and glutamain chain are from N154 and Y157 in loop 1, and from mate from the trailing strand make lattice contacts. The H258 in loop 3 ( Figure 1B ). We think that the trailing leading strand arginine hydrogen bonds to the main strand does not coordinate the metal because it lacks chain carbonyl group of a glycine from the middle strand, a parallel arginine on an adjacent strand that would sit in a conformation similar to that observed in crystals of in the acidic pocket. There is no obvious reason why the collagen-like peptide (Kramer et al., 1999) . the leading strand glutamate could not coordinate metal, and the choice may be dictated by crystal packing considerations.
Structure of the MIDAS Motif
The metal ion in the MIDAS motif is coordinated by side
The parent integrin recognizes both single collagen triple helices as well as fibrils. We therefore modeled a chains from three loops on the upper surface of the domain and by a glutamic acid from the middle strand fibril based on the packing of collagen-like peptides at the top of the domain and are in a position to make loop 2 in order to make a direct bond with T221. MIDAS loop 1 follows the movement of the metal in order to hydrogen-bonded contacts to a second triple helix. maintain its direct bonds via S153 and S155. MIDAS loop 3 undergoes a radical rearrangement: the side chain of Conformational Changes in the ␣2-I Domain Comparison between the collagen-bound and unli-D254 moves laterally so that its direct bond to the metal is lost; the G255 peptide bond flips by 180Њ so that its ganded ␣2-I domain shows that the central ␤ sheet does not change its conformation (rmsd on C␣ ϭ 0.35 Å for C␣ moves ‫4ف‬ Å away from the metal ion; and E256 forms a new water-mediated bond to the metal. The strands A-D), and this overlap provides a convenient reference frame for structural comparison. Subtle changes movement of loop 1 toward loop 3 brings the side chains of Y157 and H258 3 Å closer together such that they in metal coordination are linked to extensive secondary and tertiary changes that create a complementary surboth fit into grooves of the triple helix. The shift of loop 1 and the rearrangement of loop 3 face for binding collagen. The principal conformational changes occur in three regions (Figures 3 and 4) . These trigger a reorganization of the C helix and ␣7 helix. Loop 1 is packed against ␣7 in the unliganded structure, and are (1) a movement of the MIDAS loops and helix ␣1 as a direct consequence of a change in metal coordination; the large concerted movement of loop 1 and helix ␣1 appears to "squeeze out" the ␣7 helix, and it drops (2) a novel "slinking" motion between the C helix and helix ␣6, which opens up the collagen binding site; and downwards by 10 Å . This movement breaks a partly buried salt bridge between E318 from ␣7 and R288 from (3) a large shift of the C-terminal helix, ␣7, which propagates structural changes to the opposite pole of the the C helix. The flip of loop 3, which is packed closely against helix ␣6, forces a rearrangement of the side domain.
The structural changes on binding ligand may be dechain of the buried L296 that would create a close contact with L286 from the C helix. In response to the steric scribed as follows. The metal ion moves 2.6 Å toward The critical I domain residues, confirmed by mutagenesis (Kamata et al., 1999; Smith et al., 2000) , lie on the three loops that both coordinate the metal ion and make direct H bonds and salt bridges to the collagen. The MIDAS motif and much of the collagen-binding surface are strictly invariant amongst the collagen-binding I domain integrins (␣1, ␣2, ␣10, and ␣11), suggesting that these integrins will all engage collagen in a similar fash- regulation and signal transduction in all integrins.
